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ABSTRACT

Plasma wave measurement s on the Helios 1 and 2 spacecraft

have revealed the occurrence of electric field turbulence in the solar

wind at frequencies between the electron and ion plasma frequencies.

Wavelength measurements with the IMP 6 spacecraft now provide strong

evidence that these waves are short wavelength ion-acoustic waves

which ~re doppler shifted upward in frequency by the motion of the

solar wind . Comparison of the Hellos results with measurements from

the earth-orbiting IMP 6 ~nd 8 spacecraft s ~ -- s t~iat th  i . n-ac .• u~t1.-

wave turbulence detected in interplanetary space has characteristics

essentially ident ical to burst s of electrostat ic turbulence generated

by protons streami ng into the solar wind from the earth ’ s bow shock.

In a few ca’ ..~ ar~ced ioi.-aco istic wave ~nt~ :ioiti - .~ hav~ bee n :~~~—

rerv~-d r~ direct a.
;~’.ociat!~ n -with ~e.r up t  inc r  a~~~t t t  r t  th~. ani~ ~tr -tr :,-

/
~r th~ s -1a wino electron d ij t ~ ibut ion .  This rela ti3ro:Jp  :tron ~~L:~

sugges ts that the ion-acoustic wave s detected by H-olios far fr  on the:

earth ar - prod iced by an electron heat f1u~ in: tabili ty ,  ar r t :ggoi ~t ç~

by F-~rs1und . Possible related mechanisms which could explain tb

g~~eration 
ii, ion—acoustic wav .~ b y pr . tor .. s t r  amin~ ~r~tc t i -  s otn r

wind from tne ar’~:’r bow m n- k Lr~ ~lso c~ nsidered. 

- ~~~~~~~~~~~~ •.. . . . ~~~~~~~ ~~~~~~~~~~~~~~~~~~
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I. INT RODU CTION

Plasma-wave measureme nts on the solar orbiting Helios 1 and 2

spacecraft j Gurnett and Anderson , 1977] have recently revealed the

on c t ~rre nce of s ignif icant  levels of electric field turbulence in t in .

solar wi - nd at ir oque! :c  in s  from ab it 1 to 10 k}iz , between the eJo ctr— nn

and io n plami r~a fr e q u e n c i e m .  In tbir paper we expand the initial

i:iv -: - t t i gatiot .  cf t h t ~ t ’ l r : l l lence  an d cr e s t - n t  evidence that this tur —

h- ti - tee c t ~~i st.— of i n e — a e n o s t  ic way :5 b -low the ion planma fr equ t  n:;

w b i n h  are d’ -p p U ~ s h i f t e d  to wurd i i i  fr  qu t  :t~ y y the motion .2 tb-

s ~lar wit  H. Mean ir etu- - - tn are pr O t  rit a n t ?rp l ar e ~rt ry

t o  ri. He l los  1 arid 2 , and i-n the s l~ r w i : - r  op t L i  er. the • - a r t b ’ n t~ w

shocK , fr n r :  l’vll- a - i d 8. Tit dat a  r~r -.~ de a c .pr~~n~.- r . n  v- d n c r

- t tb 5~~ t i~ •tf l~ fl r im zation , wave L . t . r i  and i - - - 1. es:t :1, i i  char: c—

t -or s t - H t t  t t .hn  t rr iL~n mee.  - ir.n r i n i r . - r t ’ a r - - tiL t t i n t -  w i t  - 1 the

and i t t  pI. utrnia prL r al n — ters t r t d -  r a var et :  -of n. i n i t  - n t  t- i d e n t i f y  tn

- n r i $ i r i  i: t r i e s u  w o v - -n .  In m t  e r j iar:n tary space , f m  away I ron the

ear th , tb-  primary mec h anim m for  pr- nd uc ing the i i t i — a c t - u s t i c  wave s in

e l i e ved to be the -:- l~ c tr u t i  heat flux instability suggested by

-orsiund [1970]. Near the ear th , how ever , the same type nt waves arc

er r o t t .  erved to be associated with 1ow—ener~ r , 1 to 10 keV , protons

i treaming toward the sun from the earth ’s l w  n i t eek .  Thus , more t h a n

~n ’  mechan ism is apparently opera t ive  in the  solar wind t o  d e n t a l  ilize

.

~
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~he l e t - -ar nu t  ~in mode. A.~ will b~ discus sed , s iirflar mechanisms, i~ancd

Oct an in duced  dr~.It between the solar wind electro ns and protons, are

to l ieved to account for both the heat flux and proton streaming i.nsta-

n ilities.

In the initial description of the ion-acoustic wave turb ulence

by Gurnett and Anderson [1977 ] this turbulence was called ~ f ~

noise. Thi n -  terminology was chosen on a strictly observational basis ,

s i ren  the largest intensities usually occur in the frequency range

between the electron and ion plasma frequencies, f and f;. As de-

t ec ted by Helios 1 and 2 the maximum single channel (÷ 10% bandwidth)

electric field amplitudes of the f ~ f < f noise are typically a

few hundred ~V m~~-. The electric field strength of thi s noise is very

impulsive , consist ing of many brief bursts lasting for only a few

seconds. When viewed on a time scale of several hours or more the

< f ~ f~, noise is pr esen t a large fraction (30 to 50%) ~
1, the time .

The noise is observed over the entire range of t a n  Helios orbits from

about 0.3 to 1.0 A.U . The frequency spectrum of the f ~ f < ç noise
shows a nystematic variation with rad ial distanc e from the sun ,

shif t ing  toward hi ghe r frequencies closer to the sun . Spin modulation

meam iremnot s show that the electric f eld of the  noise te nds to be

aligned along the direction of the magnetic field in the  solar wind. —

imnet t and Anderson discussed the possible plasma wavc mcdes which

coul d account for the f ~ f ~ f n o i se  and concluded that the noise

could t o  pr odar~-d by either the Buneman mode [Bunema n, 1958 ] or by

the ion-acoum~- i e  ste in , with  the ion-acoustic mode being the nEst likely .

~
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L . c ~ n~:- < I ~~
- f n oi s e  is now d e f in ~~t~-1y bell Ved to be ao~~- - e t b

p p

w i t .  t i ~- L en - a c ou st i c  mode , w-n  w ill c o n c r in t e n t ly  re fe r  tc this

tin ‘ i n n - a c - u n t i e  waves ” , - -rica tk iu tgb the deta i led  arguments for t h I n

id ent r .  h i m -a n i o n  are presented in a later n ection of this pap~r. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. . - ~~~~~~~~~~~~~~~~~
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t i c ice  :ci- re d nt a  have now been analyzed froi  the H e t t  J a ~ rnt

wave exp~ r ime r it s, a much more detailed an aty -is of the it  r i _ a r  ~~, ic

way-on d ot e c t - od  U :, 2eli-o s in the i rt t er e lan ~~tar :: t ied i-un cat  - he r o  -v ided

than was g ’ren in the initial s trve ; n y  Gu m n e t t  arrd Andersor .  11977].

For details of the Helios 1 and 2 plasma wave instrumentation see

Gurnett and Anderson [1977]. A typical example of the ion-acoustic

waves detected by Helios 2 is shown in Figur e 1. Helios 2 at this

time is near the earth- sun line at a heliocentric rad ial distance of

about 0.11.5 A.U. These data are selected from a period when a nearly

continuous level of ion-acoustic wave turbulence was being detected .

The solid lines for each frequency channel in Figur e 1 shn~ the peak

electric field intensities over 11.0.0 second intervals and the  vert ical

cars (s lid black areas) indicate the correspon ding averap: e L e o t r i n

t i -  i i  i - i t e m - i - t i e s .  The in tensi ty  scale- are logarithmic wi th  a t tal

rat . - t 100 db from tb0 b o t t o m  of ann e  -- h a ’~~’l to t h e  tr ot t -. no c f  t o

rn - - id , ace -t ch annel.  The le n t- a c o ust ic  tu r b r  hence i n  e v i d e n t  as a

t o  ad a n d  of n nc ex ti d  irn ~ r oar a nt out  1. 0 t t ‘.8 k t tz , in

- L w - -n  the el n - r u  at it ion pleir mrr foe io n i c  r i-; , f a n d  f~~, an- t i i r  —

- ri -o t t  tue  r i - t o t  — h a d s ide f F i-gor e- .1. A to; p l e a t  so r t  r cnn , F -  -

f r  r
~~ ‘t r - r - 1 at a t i n -  of n e a r L y maximuir it t - - n c - - i t ;  c l o w n -  n t

F loi re 2 . The no ad i~ ak i - n .  t n n  per Li rr 1 - e tw-  - - - - t r  - -1 en L i  vi ar c

1~
- - ~~-~ ----~~- - --‘~.. 

M~~~~~ - - - ~~~~~~~~~~~~~~ ~~~~~~~ -~~~~~~~~~~~~~~~~ . - - 
-
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- c . a l a n t ra r~r e u t i e n n  h is  is clearly evid en t .  As will LO d n :ned

la ter . t : t e r- ~inh ~ — r s h i p  to t t t - ~ Lo cal  c loct : - ct a n t ;  I ; .  pin t n-a fr ’ c - -

on -
, < f ~r f , in  n onoirc i -, ’ ob-rt ui tc  - , sin ce  tb- 0 i r~~ o r - r n c ; sp- - -o n r .  nr .

of tn . e  I o-a-:n o t n c wave tort: - J.e rcce is nr c ;.nl~ p l -r  nh~ ft-; c; c-

the rn; L i o n  L t n ;  solar wind . 13-eta Figoe’es 1 aao ‘1 E i r W that t t -  OC~~rt

f l - o l d  n t r i rnn t tn s  of th-~ i o n — a c o u s t i c  wavo-~ as~ on c to larger tu a ci  tn.-

av€ -ra ,ne f i e ld strengths , indicat ion , t:cat the n - u i - s e  is ‘cci:; rmp cl:1v~- .

ho-c den a il- r d t o:coorai var iat ions are- i l l- -  st r at ed in F inn -o r - - 3, ~ c h C;

: rno wr a very high time resolution sn ap shot  of t i e  e l - - :tric f  cud in-

t - - n s t i o n  stored in the spacecraft aemory f rom  the cv- at i - .  i - i n - -i c: L ,

at ar :o i t 0257 lIT. These high time resolution meanu r -nnoe nt s  shc-w tha t-

the ion-acoustic turbulence consists  of many sn o r t  burs ts  l an t i n n i  onl y

a few tenths of a second. The individual bursts have a very broad

bandwidth and tend to occur simultaneously ac ross a road range of

frequencies. Occasionally high time rest lot ion :  m e a nt  i -nm ent s .  such as

in Figure 3, show distinct evidence of spin mori olatL caused by the

ro ta tion of the electric antenna.  A b r i e f  per t ,  d wne re such r r i - c .

modulation is apparent occurs from about -~-l2 t - - +15 ~cco nds in the-

1.78 kHz channel in Figure 3. The spin modulat : i- nm consi s t s  -of two

cr ax inn a and two minima in each 1 second r c - t o t i -  t l c  spac r o : t - n t t .

In m st cases , h h :  ex t remely  rapid temporal can ati  n make i- ’; ry

d c f f j cu i t  to a - -n r at -l~/ determine t I n -  or ian e ~— t t h o  m o m  c , . it - L n t f  n.

H - -veve r , b y aw -t r a c i o b  a I. t n g  nn e rh - -c ci m e o n u r ’r n n - i s  hot -  it - t a i l e d  on

m :an -n trn t c’n p a t t e r n -  can usually be i d c n ;t h t it d. Ant - Yn1rncpl ~- n. one c -  i-n

s - ’n i e r  rf r : - a r n - r  tn is illustrated in I ~- n rc wi t n t  o w n  t I ’  

.—.----- --~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- — - . ,- .- - - ,rr - 
- 

~~~~~~~~~~~~~~~~~~~~~ - 
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elec tr L c  field in tens i ty  di , - - t r ibuti :ni above a fixed percentage oc-i~rrenoe

i~v. 1 ( 1 3  and ~~~ as a funct ion nih the antenna orientation angle

A i- c -n - - , 1-hour , an a ly: is  interval is uced to reduce s ta t is t  U -a l

t t - .-nt ; n o r i r - r ; n n . The-se data si-trw that tb-~ onax im om electric fie ld

no a:- cccrr ;  w h c i i  the an ton -na to ~-r i - e~ i ted arprox inoately parallel tc

s. 1n~r wi-:d ar nie b in  f ie ld . n d i v i d - oae h igh t ime resolution rica ;--

cr - o ;n - : rn tn  -i the op ccc nod ilarl -n ~, as in Fi gure 3, a b c  show t ;tl n- name

no - i - n - O i h ;  . Fr -  an th orn r e n t n ; n r  me n os it inn n-n cbuded that ti-i~ et- n n a r i

f ield of the icc -a;-c- - st :c  wavo- torb ol tnce is oriented appr cxi mnat 01 g ;

parallel t r :  nbc static magn et i c  f i e l d  in t h e  solar wind .

To iLli~~’ i-ate tn approximate f rac t ion  of the time that the

ion-ac~ i:n~ c wane t - ir t - olernce i s  present in the solar wind , F i gn o c  5

sh-:rwnn the peak arid average f ield s t rengths  for tore -  c -a p i  ote se,iar

rotation. The four frequencies show n in Fig :rr: 5 are selected to cover

the range of frequencies in which the ion-acoustic turbulence is

normally observed. The peak and average field strengths are shown hy

lines and vertical bars, as in Figure 1. A time interval of 36.0

minute s is used for both the peak and average field strength caic-ola-

tions. It is evident front Figure 5 tha t peak electric field ampli-

tudes of a few hundred MV m~~ are present in the f requency  range from

l.7U to 5.62 kHz a substantial fraction of the tim”. Occasionally

hurscs of i-no-acoustic noise are seen to extend into tht- ~-h2 Hz and

17.8 kHz char  ts. Because of t~ r long interval for tb-c p- -ak de ter-

rnin ati- n , t o-- c rnp r - : c nnn - c d  time scale presenta t ion in F: ‘- m r  5 t- - n itn  to

e n n a L a : - t- nip l- ar- -’ -t - - n;crre ncr -; ~t I C r c —a re - in t l — won ‘mn, 5 i n t r o  ev e n one

~~ T~~~~~~~~~~ 1uJE- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~
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Snort. burs t  dur ing any g iven 3u minute interval will register  i-n tb-

peas m~asu r eme at s .  Nevertheless , triese data aliow that h0r sts  -of inn-

aco nst i c  wave turbulence are a common feature of the solar wind , sinore

dn~r ing  any given 3d minute interval a few bursts are nor~ a1ly d e t e c t e d .

Oco ani ona lly quiet periods occur , such as on Oct. 20. However , usually

sOn ;- t rh o Len oe is detected in any given 3d m inu t e  interval .  Sometim e;

d i~~t t I ’ c t  en h a n c e m e n t s  are evide nt for pern us — Sf several day s , a;

exanr’le from :-ot. 7 to Oct. 12.

To investigate the variation in the crr-:c tru m 0± ton ion-ac - - n t ic

wave t ri ttulenne with  radial distance from t ine in a detailed s ta t ic  t I - - a l

an alU n is ha~; seer ; performed on all of the available Helios 1 data ,

co n s - ± r t i n g  r b  approximately two complete on i ts around the sun . Tn;’

result :  of 1 his analysis are summarized i . Fig- rn: 6, v n lenIn shows the

d i s t r ib u t i o n  of electric field strengths o- 1 ,~ nto d in each f r equency

cha r - -i. as a funct ion of radial distance. The electric field str - ’n ~gt Lcn

used i-n this analysis are 36 minute peak values, comparable to those

in Figure 5. The electric field strength contours show n in Fi g ur e t

correspond to intensi t ies  which are exceeded a fixed fract ion (5 and

10 percent) of the time. The portion of the overall spectrum attri-

buted to the ion-acoustic wave turbulence is indicated by the cross-

hatched areas. The steeply rising spectrum at low frequencies , ~ 500

Hz , is caused by interferencie front the spacecraft solar array (also

evident in Figure 1). The isolated peaks in the spectrum at high

frequencies, ~ 30 kHz , are caused by narrowband electron plasma

oscillations comparable to the event in Figure 1 at about 0700 UT. 
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The .; ’- p iosr.a osci i ta tLo .s  are directly associated with onc e-r on -tic ebec - -

tre;; St r- aming outward from the s-u;; nt rniectt and prank, 1375] at d

ar- I tn -rn dir e--ni associated vito t p’n ILl solar rail :; b-nrnts [g - ~ r at

ant-u A n il r no , 137- -~~~. Althc~ 1 t . narr - -u v~band elec tron plasma oscillati n c r

are - -an t ty d in tin — - ished ft - - r n . ion-acoustic waves, no attem pt was condo

tc n - - -r oonete tHe two types of wave s  for the statistical analysis in Fig ure

4 sin c e t:. nolan-ms oscillations o’ -cr1 von:; infrequently. Figure 6- clearly

rhnwnn t- ann en ~th t - ~ f;-- gene-c . o; am en :ntenritn’ of the ion -ace-rn-tic waves in— -

cl- ea o -  with decreann i n n  radial diotance from toe sum . A n-room ; analysis

I’dica tes that to- fn’~ qu ~ n - i e s  -f -th tone ten - -ac-r ustic wave , and ‘one

elec tron  piacn ;-a en Ec i - Liahi;-n .s vury a’-proxnma ;el ’ as 1/I . wh~nr P

deli cc- - trio radial di n tan e. Tho- cal-al sari etlo ~n - :- cn - —a’ :o n - -t c

n - n v ;  i- ‘: enr i ty  is St . we , in  more de ti  11 by Pierre 7, - r ;ct:nh -n ± ncr ttce

~~~~~~~~~~~~~ -d i s t r ib  ti-o n of -c road— m ’a m -i e l ec t r i c  f ield s t r o n g t n ; s  as a fc . — ;t i -nne ol’ tue

radial dis tance from then sun. . The hr -ad-bar d ele ctric f 
~ld :ttr - t gnc o

in n - it in  this analysic er- cabnulated b y in tegrat ing h e  ini d ini d- ra L,

3’ n n ; in u ’ e , peak elec tr ic f i el d  specar iron f r -cnn 562 :5 .
- - F .  1 reh :n . es

n -a- i r e  seen fr-cnn. °ig-;r ’ 6, the  n ia i f l  par t th e n -aco st ic  wo

0 0 0 0t r o  sally occu rs in this  f req e m c ; ;  ran nr The fr -~-g u - ~n-n~; .‘

occurrence contours in Figure 7 clearly n -how the increase t n tni~

acoustic wave intensity with decreasing radial distanc e f r cnn ;  th e  - i n n .

A best fit analysis of the broad band field strength as a f r n i c t i r t  of

the radial distance, assuming a power law radial i t i c- tain e depe ndence- ,

indica tes  that the electric field str eng th also varies approx n’cnrt :7 as

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘1
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i i :.  ;yp ~ — h P  F hlhthPVA210N3 TJPSTF-nAM OF Tb’ J~Th ’S BOW SHOCK

Waves essentially identical to the ion-acoustic waves detected

ny HelLos are also commonly observed by the IMP 6 and 8 spacecraft in

t - nne solar wind upstream of the earth’s bow shodk. See Gurrnett  [ l97~~]

for  a description of the plasma wave instrumentation on IMP 6 and 6.

As will be shown, some of the ion-acoustic waves detected by fl~tP 6

and 8 are clearly of terrestrial origin, whereas others appear to 1 e of

interplanetaiy ori g in , as in the Helios observations. ~igures 8, 9 and

10 il l us t r a t e  some typ ical ~~amples of the ion-acoust ic  waves detected

b IMP 8 up stream of the bow s h o o k .  Figur e 8 S hOoWS at - i example of an

o ’trth-related event in which a burs t  of ion -acous t ic  wave s, from a n n u L

O~2O t-o 1115 UT, is closely assoc iated with the arrival of a strean;~ of

1 ;w- --re .rg :/  pr -  ‘ or .; from the earth ’s bow shock . The cc” n’e r npo n d i n . m a o  ee- .i

part icle mea surement s fr om the University of Iowa low-energ~, -nroton-

electron-differential-energy-analyzer (LEPEDE~~) on IMP 8 are shown

in Plate 1. Details of this spectrogram display of the charged part i-

cle intensities and the LEPEDEA instrumentation are given by Frank et

al. [1976] . The sunward streaming 1 to 10 key protons associated with

the ion-acoustic waves are clearly evident in the second , third and

fourth spectrograms fran the top in Plat e 1, between about 0920 and

1115 UT , in a lmost exact coincidence with the burst of ion-acoustic

waves . These spectrograms represent viewing directions looking toward

_________  _______



local - - ‘J- - n n ng, 1-oat  n n n i d n i c :n ;t , a r d  Loal mur n I l -n ; . r ’r spenn t ively . The

d ir o o n i  n -of m ot i on  ~ f’ t he p m ’ . r -  - ; a also b e see:. I r o n  the ro-ct  r

Sp Octl -on-y’rufl in ; Flu t n - 1, wii L ”h  cn ;ow .r that  the protons are s creaml -e

toward tn su n wi th  directions of arriva l in t In ’  range 120 ° 
~ 

cp~~. ~ 3000

(solar ecliptic coordinates). ~1F 8 at this t ime is located upstream

of the earth, at a local time of anout lL~.5 hr. and a geocentric

radial distance of about ~4l Re~ 
The observed directions of arrival

correspond closely with the expected directions of motion for particles

originating f rom the vic inity of the earth. The velocity distribut icn

function for these protons, measured along directions approximately

parallel to the earth-sun line is shown in Figure 11, along with the

ambient solar wind distribution determined from the Los Alamos plasma

instrument on IMP 8 [personal communication, W. Feldman]. As can be

seen from Figure 11, the protons streaming into the solar wind produce

a very pronounced double peak in the proton distribution function.

Possible mechanisms by which these  sunwar d streaiiiinig protons can

generate ion-acoustic waves are c; - .s I d ’rc - - .i later.

Upstream ion-acoustic waves associa ted w i ’ ;i sunward s tr - - - a m nn imnp

nrnr t r t s , suc h as illustrated i n n  I i~ ur - - 8, aloro tnt ;nurtai ;n10 corre - np -  si

to the electrostatic noise f~ rn;t rop rt- n ny Fe’ 3m ’ et al. 1 73] us r ico

m-~a;; ;ren’ents from OGO . Li c orm;pari n-or F the ion ace is ;

do b e ’  ted by lieu -os , ten- ups tream wavv o it L e c - t ed  by Tlit i S a~’ - -en s e n . —

ti n ll,~ identical characterict I’m . n -
~ S - ao -h , ’ cnn n’ ’  inn e’l.- e n r

static and extends wi t.h compa ra ble i n  ‘ e n n n - i t i n s ‘rum an n t 5t- 2 lIn t

10 kHz , between the e L e c t r - m n  e c ’o  ion n i t  r ot  fr e  c i ;  nit ’ 1 - .n . The p - n c ;
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e l -n  r n - i c  : i c t l - ~ s tre n ,~nn,nn: ar.c n i t ’ ;  -r ’ nt-:m than . then - nv -r oy e~~-: ” t r - ’ c

~‘hr ld n - t n ’ , t t t ~~ths , as in t i i~ HeL!-~n- - r e a m u r - o m e n i t s , and ar ~lac- d innto ’ h -It! uns,

s , n - h  -am i!i F hu r ~ 12, .rt . -w t on ic  tb — c wave - - l ectr ~ c Field i n - a! i~~n --it

appr -  x Lnn ate F:: pa~~ llel to  t h u  so i-a r win d  nr~ gnetic f ie ld , n b c  in ‘o - n - ~—

c e nt  wi t : ;  t I n -  !-bubi:; s obse rva t ion ; : . Fr r: all available - v i  ci- n :-e , O l e

el-on t r un n l;atic waves generated ups t rua ;nn  of t rot’ earth by pre t o .n-

from the bow shock are essentiall. ,- iu ’eat ical t en th e  ion-acoustic

waves detected ~ Helios far fr -m the- earth. These comparisons I n d i c a t e

that the same bas ic plasma wave mode, the- hon-acoustic mode , is involved

in both types of noise. The detailed mechanisms by which the ion-

acoustic waves are generated must , however , be quite d i f ferent , s ince

protons from the earth ’s bow shock cannot possibly produce the waves

detected by Helios far from the earth.

Not all of the ion-acoustic waves detected by IMP 8 are asso-

ciated with protons arriving from the bow shock. Figure 9, for example ,

shows a sequence of ion-acoustic wave events extending over an entir e

day which are not related to upstreaming protons. The c or r e s p o n - - d i n i g

LEPEDF.A spectrograms in Plate 2 fn-r the same day demonstrate that in-

s ninward ~treaming protons are d~ t- -otaube during these events . exc- pt

possli l~ f-or the event around L~i°7 t-~-- lt~OO UT. The ma, rn ~ L I t ’  f i e ld

d u r i r ;~ t ’ ;i s  day is of ten d o ”  to t in ’ ec l ip t i c  c- L a n: - , so t h e n - - m o  no

puss I I -  ii. _ t ,y that the Lii! . DHA , ‘-dc i c i  scac~s view i n~ o ci! n’ -ct L- ins i n n i; -

ecliptic plane , would not be a~ le- tn detect pr- rn - us :tt- ’ an nin ~~ L - n i ; to -

m a g n et i c  f i e ld  from the bow sh eeT- ; . The c -n r r  : t p - n ; l ~~- ;~ ele- ’ r  - n ,  o~~- - c t r  -‘-

grams in Plate 2 also show n o -  ~ n - nt - - ra:, O c s the --1- H.”- n l I n - t r U  -o

- - -~~---- ---‘- -~~‘-- - - _.. ~--~~~~~~~~~~~~~~~~~~~~ ---—
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nh1 1 n t i c io’ —a;co -md c wove- ~cti - Lt . -.i~ ne- c’Fn -d en : i !.1! t 050 . ’- arc en-f ’  t -  -

-w n- n OOK . --wi n t o  - r ’ t . h c t o - pc ev d ’ - ’n t L :, - - ;‘ro - or - - en to t:~nc : c -
~-

p j~~~~
- . t o o c’ n i — a : - u ; n : t i c  weve t irb i ;b  - c ’- n ‘sn- ‘1, - 3 - - t . .-- H - - d  0:.’ Ic L~~c- n-. f r i

- :  F r o m  ‘Sr :- c u  ‘n , , n - i n c - n -  On, ‘oa ;- t li —r- L ~~h- - .; cc tree ‘C - n t o  ~. i e n n i t i i ’ ! - ~- c n .

r i o  try to identify the feature of the solar wind charged-

particle distribution which produces the interplanetary (non-eart h

re lated ) ton-acoustic wave turbulence , the IMP 8 LEPEDEA and plasma

wave data have been examined for correlated event s which would

indicate the origin of the instability . Several events have been

ideritif led which strongly indicat e that the anisotropy associated

with the electron heat f lux in the solar wind plays an important

role in producing the ion-acoustic wave t ;II t . n i l ’ - m n n ; - , a;: W o n :

suggested by Forsiund [1970] . One such event , which occurred dur ing

a disturbed period on July 5, 19714 , i s  i l lustrated i n n  Fi €- :r 10

and Plate 3. In th is case a pronounced burst of ion-acoustic turbu-

lence occurs from about 16I-~5 to 1930 UT, preceded by a shorter burst

from about 15140 to 1600 UT. The LE PEDEA spectrograms in Plate 3 clearly

show that no protons are arriving from the earth ’s bow shock dur i ng

this t ime , so these waves must correspond to the interplanetary ion-

acoustic wave turbulence. The enhanced ba ckground , evident in the

proton spectrogram thr oughout the period shown i n Plate 3. is cau sed b~

an energet -ic solar cosmic ray event . Flo se  exam t na 4 ion of the elec-

tron sector spectrogram in the SCC O Od panel fro m t i e ’  bottom in 1’la t-c 3

_ _ _ _  
.- _ _ - _~~~~ ±—~~._~~~~~
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shows that the 1on_ ac- .- - on :t . i c  r - i r ; .u l en ce  - cr c n r c  dur ing a p ’- ;- ! d w o e : .

s i i -s t an t ial  anisotrop~,T is pno n ” n- n .t  1’: the’ n~~L r ’ - w :’ rtd ele- -t ; ’c- : d L  otr i en - -

t I. r- . TI .-o maxinlmun i n n ~e n . m  i t  -en c-c c :1’ ‘ . i ’  I K! ’ ’ h: A ‘s ir  ‘
~, r n’ LI li’ - - L i no I - ;

t!;- - rang-:- ci ” ~ ~~~~ 
m O ” , W1.c  i n c h  ai-~ ‘ c P O ~’ - I ‘ cnene l  5, !cnnile t r i e d  a L t ! ;

c o me- -c t  t o  “ 1 e ~~ - ‘n;- - t - i o  f i eld  dir cnn - ‘ , ~~~~~~~ 
14~ °, I o r :  c L  c - n ;  ~~~~~

‘Hs -an Is . ’ -n~ i s  r e p r e n r o n : n a t  j a’c O u t  a soi-n- t a ’ ;LIa I  n - O n -  a r ch. 1 c-c ’ e L

t, ro’ n: alornc: ‘ cu- r a agni -c. I c  F l  Id aw~ - I ron:. u h -  n -c ’ - . ibe ‘ -  ~- -c i  run

L L ’ ,n d i s t n ’ i h  ;c n i . - n n  in i t i ates tea t b I i o - -~- ele . ’ ’- n  -n  n . c ’ . r r c en rn c i - ;; n o :

the  engr. 0- - nrcrceo ’ron - r  ‘ halo ” e lec t ron.:  w h i e n e  pr --s L i c  t ;i ’o ma!.;: cnnt ~-

1 nd - LIar  m eat ci ix in the solar w L n i d  F’ eold:rcau c- tn al. , 1 1 . ’) . ] .

The n-cr I s o t ropy  evident in Plate ~ ccrresrn -r i ds  to- an  m ; ’ n ; n c n n a i L v  larni ’

‘ n lc .’ctr r: heat fl nx awac’ from the en non , d i r - - c t - c d aL - g t l it ’  so t am w : 1

magnetic field. The de tailed var i a t L - n i n n  -0’ th-o ‘enl- ’ctr- -n i vet ensit :.- dIs -

tr ibution function at a fixed ener~~r anid t h e n  i c or r e c e  nd i n c  1.7:- !-: tz

electric field intens ity var iat ions are shown iii Fig ro 13 n e a r  ~!e

beginni ng of the event. The electron d is t r il -  it ion funic’ ti- -mc i. : m ~. n :. wn-

in two directions , C
~~~E 

= 314 ° and 1214°, which are a p pr o x i n c a I - - L ~,- n a n - n F l - -i

and perpendicular to the average magnetic f i e ld  direct ions pr : j e - t - - d

on to the ecliptic plane during this period . The int erpr - - t a t i cn  ~~~

these data is somewhat complicated by variations in the magnet ic  f old

c l i r ’- - ’tior;. Before about 1610 UT the magnetin field is t r .n f a r  - - .t o1’

the ecliptic plane, 
~~~ 

~ 60°, for accurate measurement: ol’ the a r t  -

tropy , parallel and perpendicular to thc’ magnetic f ield.  However ,

( 

al ’t~ r an - - - ni LuJO) lit tim e magnetic fi t ’ !  ci cc n-’ir f’ t’icientl. - c- Len- - - - t~ re

c :-cl ip ’ 1’  c i  - - - - , e 1
~. 3(1 ° , f-cr good ro n ;  , . r  o r . - nc- ~n ln - :- c’ i’ e’ ’ t n ’- .  i n ’ i - - i n :  

~~~~~~~~~~~ - - -~~~~~~~ ~~- ‘ —~~~ -‘ --~~~~~~~~~~~ - 
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be st en ‘ n - inn l°igure 13, al’tm:;’ a! at I’ o) t o n i c  - i n  .i nI :  it ies  at 
~~~~~ 

= ~
along L i i  - magnetic ’ f ie ld  look i r : 1. - rwc n ’c h i -  5 c c : , iml c re amc m-Thstantiatl:’

above t i c -  iritermnn ities at n*, 1214°, i ’- rp c-ridic ’ Lar t - - the magn; ‘ ‘to i n ’

f ield . : ‘m - imp ariS onS wi th  the 1.78 kHz e l e c t r i c  f ield inte nsi t ies  n : h o w

tha t  t O n ’ onset  ct the i o n—a- o -umt ic  tno’h cl - ’ mcr ’o i s  closel,y c r r eiatea

wit! ;  t i i ~~ i n . c ’i’ea:- i nn the an i s o t rr i p , - e l ’ t h - - lenn,m t r o r -  d m c t r i i - u t i u r . .

:1 iL- - 1 n-sn en-f no! at ar-c -nt lm oo UT is a im , . ~en ten lie: d o  sely en-~ n-rota—

no ni wi l l ; cc no il-rca: ’ o~
’ el-:ctr- n j n i d -  - 0 Ic:: n n th en di ~‘eot i  o n .

° at a !: - lit LF. l) UT. Enr en l -h~~- cg !. is La n g’- at ~1;L;: to I n ’ :-

this  burst  n ; : ;n’ t-  f -en- associated wi th  an a- : i n ;  tr plc ’ - - - nip- r I m - ’  no n c - t o - -a rc - ce

alone ’ t h- ;m agnie n len ’ f ie ld since  t ic ’ n t . - - ‘ c , I t :  c -rm ‘ J e’ ilar  t~ O:

r u - t i :  F ;  n i , c ’o .  = 1214° . shows no Ocfl.f n m’e L Ln’ i - n - o r- . a m - . Tine - vId- ‘ ‘~

t h a t  Lii ’ ’ I ln:—r Lc ’ - c n n  tic wave t c ;rbn ; l en le n c .  a: a, r ,- : - ’i a i  m d  w i n - i n  tb’ nn’ o-- i t  
-

t ’i - ld—a lien ’ -d an ,  i m - - t r o p , v in the electr - .)n Fl r< is  f or t  n r r ’ . : m i ’ c r te d

b, t~~m ’ v ’ i e c i t ~’ di;’t i ’ !t-r , t. i on s nLcwnn 1 1 g m ’ - I c , , a l . - : ! ,  ar c : s m - i -  ‘i -it

for to isa-s when 8~ - - - 0° and for viewing dire-c t i o r i ; r  n c r ; r ’alL- I i. ~~~~

amid no!n °) and anti—parallel p ,, l2~i ° and 2114°) to 1:- l i ’ nnn ~c- - m l e n I ’

The ‘ - t m -c t r on  i ntcns ity measurements at i:’52 U I  (tn - i r- n , nn n ’, t ’ n m ) ,  c 1’ c i ’  - ‘ -

nea t -:1~ the ion—a cc u s t i c  wave turb :nlm -ni c ’ e, n-la ws that the n-in ien~~t;~ en -.

is typically small, ~ 2O1~, at all velocitienn . However, tnie m a .  v ncr ” -~ n

at 1720 UT (c i rc les) ,  af ter  the onset c f  t he- ion ;-a’occ nt tc wav e t i n n  - -

lence , s n i c w  that the anisotropy is ve t - p  la~ 1a- , t :p i ca l ly a I n  n t  i’ ~ 1

3 to- - H , over a broad range of veloci t i . ; : . i r a  m m cm v e locity  d in n tr i!- nt mm ;

also S F 1 - n w  that , ot t er than the change i t t  L t I l l S  c O n’  -p y , the m-le’c ’Lr- i i

d i nn t r i l - i t A , n m n  t ’ in r n c t i - ’m n s  art - nr ’arly ido n i t - -ni L in t o n i ’ - t v ’  l o g i c : , ! m ~F~~n-t ’

L~~~ 
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and af ter the onset of the ion-acoustic turb ulence. Comp arison c -f ’

these velocity distributions with the measurements of Feldma n et al.

[19751 clear ly identifies this anisotropy with  a great ly enhanced heat

f lux of the halo electrons, di rected along the magnetic field line

away f rom the sun. These and other similar observations provide

strong evidence that the anisotropy associated with the electron heat

flux in the solar wind plays an essential role in the generation of

these waves . Close inspection of th~ c ’lectr ofl  angular distributions

in Plate 2 also n-m ows , for example, that. a similar electron anisotrc’py

is present dur ing the per iod when the ionc- ac- .en~~stic waves in: Figure 9

are being observed. The variat ions in the ion~-ac-oastic wave in tens i ty

are n o t , howe ver , as easily assoc iated w i t h  -o.’nangc’s i n n  tho elec t r o n

disto ’hi :i:tion f u n c ti o n  in this  case, pos .oic-l; ; h e caun ne  the ion-acoustic

mode i.s close to marginal stability , so t a t  only ver , , minor ciI a: go:

in the electron distribution; or other parameters car t r igger the growth

or decay of the waves.
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IV. IDENTIFICATION OF T}~ TURBULENCE i\S ION-ACOUSTIC WAVE~

Some of the factors involved in the ident ification of the plasn~

wave mode associated with the f ‘ f < f~ noise detected by Helios

have already been discussed by Gurnett and Anderson {l977~- . From

the electrostatic character of the noise and the electric fie ld

-

‘ 

orientation (parallel to the static magnetic f ie ld) ,  a wide

var iety of plasma wave modes can be eliminated fr om consideration .

Essentially only two plasma wave modes are known which could account

for all of the observed characteristics . These modes are the ion -

acoustic mode at f ~ f and the Buneman mode [Bunerna n , lmn) 581 at

~ ( 1 ) ~~ ç. We also note that Scarf ~~ ~~~ 
[1970 1 identified

these same modes as the best candidates for exp laining the upnn t-ream

electrostatic noise, which is n c -to L-~:liev it t - -  I ’ t h i  - - n - a m - ha m ic p1a~n n n e

wave mode detected by Hellos far from the earth . Although Uurnett

arid An-cerson [1977 1 argue that it is unlikely that the proper conot i-

t i.uns “x.,st in the solar wind for generat ing the Puneman instahili tg

no nm € ’r h o u  was available to clearly distinguish between these two m o l e s

31 p ropagation .

One way of distinguish ing the Bin.nem~n mode from the ion-

acoustic mode is to measure the wavelength. The two modes -liffer

fundamentally in the wavelengths required to account for the
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observed frequency spectrums . ince ion acoustic waves on ly occur at

frequencies less than f in the rest frame of the pla sma , la rge doppler

shifts and corresponding ly short wavelengths of tens to hundreds of

meters are required to accoimt for the frequency range , ( 2 - lO)f ,

in which the noise is usually observed . The Buneman mode, on the other

hand , occur s at a frequency , f~ .s 3.149 f
+ wh ich req u ire m mi ~ d- ’ppte r

shift to account for the observed frequency spectrum, imply ing wa’ie-

lengths of several hundred meters or more .

Since only a single electric dipole antenna is used on Helios ,

the wavelength cannot be determined. However , the IMP 6 spacecraft ,

which also detects the same waves upstream of the bow shock , has two

ant ennas of different lengths which can be used to estimate wavelengths .

The technique used consists of compar ing the measured antenna voltages ,

V, with the tip-to-tip lengths , L, , of the antennas. For wa velengths

longer than the antenna the antenna voltage is d irectly proportional

to the antenna length , so that the computed electric field strength ,

E = 2V/L , is the same for both antennas . However , for wavelcme’4cn: ,

comparable or shorter than the antenna this  proportionalit;. no im c n i ec r

holds . In general we expect that when A ~ L the ‘ i n - R n  O n  .1 e L e ’ ’ l o  ‘c ’

r~t ’td s t r- - - n g in .!: wi l l  be n in i de re st i ma t  i l.

On IMP t~ the electric field antennas consist of two oc’tl1o~:om n n l

dipoles with ti p-to-t ip lengths of l~~, 
- 12 .5 meters an-n i - -

meters [Gurnett , 19714 1.  The two antenna s are mounted or t ln ~’-nona fl-n

to each other and to the spacecraft spin axis.  The sp i n  ax i s  is

directed norma l to the ecli pt ic  plane . Llimuitan eous measurements of’

_ _  ‘~~~- - ~~~~~~~~~~~~~~~ - --- ---~~ --~
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L n m e -  ‘, l~~’c~ em -  -
~~ c ’ j n - i -  l i - - c m . t - - . - ~~- 1 ’ ~n n T~ ’ m 1 n n a n -  a;’n - made w I  t o n .  fl ~j - r O i - a I

n -O n - - n - c n n  a- n d a -  n ’~ . 1’- - ea,, se - I ’ O- .~~I r  - m l ,  n t’d - ’ - in t h -  aw - an ‘.. - - - n . a c m  U .

a~~. m i e t - - e t  ~i - an -n- - - ‘ - n :np ccc 0~’ th~ - -1 - - - 0 1 ’  i-s :‘ iold . I- w€mv c - . f - i -  a

cn t -  - n c .  - - t at e  wave : . p - c t r - , z n  - n . On ’cl ’ !Se r!o’ C-~~fl C made b~ avorag i - g  ov ’ S

a:, - t ’ - i t a t i o n n :  ‘I ’ ‘She n -p a- n—; c;a:’t

A ease f o r  whic~1 tue n’,’avoie :gtr: of t 1 interplanetarg i s m i —

acs i n - t i c  t u r L i f L e ’ n ’,ne has oee m~ esti :r . aaed us ing  r h is  te e lcn: i que is n - h ’ c -w n n in

1 .  During this pen ci IMP h is upstream of the Ln-w sh—~- - ’k an-

geocentr ic  radial distances from about 19 to 2e Re and local time s

from at -cut  9.8 to 10.2 hr. A substantial  level of ion-acoustic wave

activity is present during this period. Some of these events can ~n e

associated wi t r i  low-energy protons arriving from the bow shock,

whereas other events , s-och as the intense burs t from about 0520 to

0610 UT, are of interplanetary origin. This period of enhanced is- :-

acoustic wave activity occurs shortly after an abrupt increase in the

solar wind density at about 0500 UT (see the top panel of Fi gure 15) ,

which preceded the onset of a high-speed solar wind stream a l’ew r a I n s

later [ti . Feldn . a - i , p o r n - - m i n i  communicat ion ] .

The ml€n - o’ is field spectrum s obtained from the E and I-y x

-an r - ” .am during the interval fr -inn al-o.,t 0 -30 to 0602 UT are ,-n :n n - w n ,  i - n

t o  c ot, t u r n  panel 1’ 1~ i c-n rc 1 . T lci - ’cn n - c m p - - n ’trums give  t i-c me - i  an n  val i 0

of all c - f ’ the peak i n n t e n n s i t i  en- o b t m ’ c i  - n a .l n r i  rig t h i n - n  i r n t - i ’vnd , con nnn ’c . :  cn_ d

using E 2V/L. las h ~c m t  repre:’c’rmts to n - - r n - i  Ian ’ of’ app;’ - x l -  mn n n tc - Ia ~.)D

indiv tdi al peak meas oremen t s .  Resa -n on e - i  t m - - - i nn - is iv- L~ r mp n n’at

1’L~ r ’t ra t i o n n -  a large n umber of mim ar - - I r- ‘: -m c - a; needed t - re n luc ’ n - ton

— —‘ -- — --— — -‘-~~~~~~ -- ‘- ---— --— ~ —- —~~~~~ ------ - --‘ - -- --- — -~~‘ — ‘ - - -‘-~~~~~~~~~~
---
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at  i n - t i  -mc L f t n e~ t at - t i n -  tn m e ’ ‘~ c’c”~ ptct n i l n o  i- -v - I .  The rat io (ci’ t1cC ~

:~ t i e  -
~~ l i - i d  ‘c’ ’,;’- - n ’ths , c - n m - i n n  d ‘l’ crn t- c ’,nc n-nn’.’trnn s, is d cv ’ . I ’ ,

- - -p tn -i - I. - nt F gIl n-c ’ 1.e wi t. - - a’ I -n-at - - I ’ t ine  c’ ~r rem ; - ~‘1d I t i i  O l i n  n -

( o i i ’  .‘ t a n  ~an ’u it - v m a t i . - i , ) .  A m n  c a t  e n - i.e- n the If / j ’  ra t i o  i-n
10 X

a: mn: - x m ’:. ’cto i, c n n n- i -w ~
‘ n’ -~nn’ ,n ’ in-’ L c’c f 3 ki ln - , bu t devj at ,  n n - n , : —

‘ ‘cen t. i ceL l, - 1- -w ~Ln ~ ni ~ ci i gl - “r- ’q le n in  ire- , f ~ 10 ki-le’ . f l i t ’ tecr-~a, - i n n

t /: rat-ic at high in-eq ~ tic t e n -  i n d i c at e -s chat ‘, ‘: c lon ~‘- n , i-

a n , : e n  - a is n- eg ’ : i 0 ‘m it: ’ 1, - - n’ I. inn- c c  to - n i g to a field n i t  r e r ig t5  - in co c c i—

pun’ in - c - to tcne s i n c i t n l ’ , if , and n nia . This d -v.iaticn- 01’ the ‘c; / n ’
~

n-n - i n  d i  i ’aten ’ that wav lengths sin -i’t cr t h a n c  Ly = )2. cnn n . . i’s arc

Ce I ‘ig c i -  t. -~~- t t ’ci at frequencies abov e abc .nt 3 kT lz.

‘I’- demons trate the overall accuracy and re l ia ln il it .y  of this

t e l  ‘ i i q - n c  a corresponding analysis was performed on a l and ci’ won t -t ier -

r~ode cn la n nna sph -ric hiss detected in the earth’ s magni etc e p l m e r  ‘ a f e w

h , n’ , later. ft is easily shown that the wavelengths of these w h i mt l~’r-

ir, -dc waves are very large , much larger than thc dimensions of t i c -  -

W I ’ - ’ eI a ’tric a n ten n a s .  The results of th is  analy sis  a;’ - c ’in c ’wn :

in n F i k i n ’- -  17. As can be seen the c- / i - ; rat i stays v. ’ry d ccc- t o n n o

at. all n ’r ’ q’.:e - n nc i - n -, t l , c -re’h y conf i r nni n n g  to -hat t a wan - - J i g ’  e- a;’-

t o i~.ner t t a n ,  t hn  antenna length. These and ma n n;. oth ’.r n iin:ilnr e’ ‘ inner

F -~c r ’  I W~ In var i~’ t~. o I’ pla;ncim wm iVo ni ‘nc nn’ - - m i U - in , . i n n - i  n - m i ’ - i n  mi t

on i~~: - i t ’ in & ‘, - i -v ice  1,1 otis ‘I ’ the’ -; / n’ I~ &t . - I e’l ‘w c - c ,  such am ’ i i iy x -

1- , ‘ire t i n t  r n s t r  - nmn n n i t - a l  ‘ n ’- - - ~. n - mi n i  i n n ’ only 1-c ‘ c c l  n ’ i  t i- i

t o  ~ ‘iV- I r i n g  1 tn n 1 n’ t .( r t .a ’i t he  mc - ci 1- ng I

- -~~ - -~~~~ - - -
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Having confirmed the accuracy of the method , it is now of interest

to compare the me asurements in Figur e 16 with the wavelengths to he

expected if the waves are ion-acoustic waves . yor typical solar wi nd

Darrn meters , T n- 1.5 x l0~ ~~~~~ it is readily shown that the ion-

acoustic speed . ‘c’s = 
~ 

k L ” / n n’~ ,~~ 35.~ 
kim (s e e ) ” 1 , ion much less than the

solar wind ve locity . For these conditions the frequency detected

in t in e spacecraft fr ame of reference is , to a good appr oximation .

civen ec i t ire ’ly by the doppler shift çva l id  La’ r’ -‘c~

(1~

where i~ the angle between the propagation vector and the solar

wind velocity, 7~~, , . Since the electric field arid k are parallel to t u e

solar wind magnet ic field , ekV can be determined from the measured

n~ gnetic field direction. Solving equation (1) for X , us i ng the e n’pz’o-

priate solar wind speed , V~~ 360 km (sec ’) ’~
1’ from Figure i~ , ann i, , c s i r , g

0kV 22° from the IMP 6 nEgnetometer data [ i i .  Fairfield . persona l

conunu nication] the wave lengths corresponding to each frequency can t e

calculated . These wavelengths are shown by the wavelength scale : ,t the

tj r n  of Figure 16, along wi th the lengths , I~ and L . of the two elec-

tric antennas . As can be seen , the EY/EX ratio start s to irviat

one as soon as the computed wavelength becomes significantly shorter

than the antenna . These comparisons show that the wavelength ea” cm , cnu t , 
- -

from the cioppler shift formula is im i e ’xce li- ’ m ’ l ,  in me. ’ I cc v - v n ’c”~ - n - c-  

~~~~~~~~ - 
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w i t h  the wavelength estimated frets t l e  / n  i- at  I . ’ ( X  ‘.5 sin t - -r e n

at f 3 k Hz) .

i-’ .nrther evidence cf S 1 I .a’U wavel e m ~ths i n -  provided by the upper

c ~tct’f ct the .smserved frequency spectrum and the variation f tam-

~~et , -i ’ : w i t h  radial distanc e f r-n :  the mn-on .  It is well k m io w on tha t tn. -on

d ar t ” :  t wna’ - -le ’ n , w h i c h  can oence:r in a plasma in d- -te~~~ined 1 ;r the

ons et .  m ’ s t:  n~~’ a -nd a e - donning at a wa-,- 1 act l  cf abc t - , ~c - , 
~~~~

~ 
= € K j n l t /  I n -  t in  inei ,- em i -cc ~ t o n . .  Fh~- ccc i inn  n i wavel-’nn gti n , A .  =

‘~~ X . ,  - ‘ nn , n- , t ed  t ’ n’ -~c - . ~n n- ’ ~~-ac ’ U’ it t ’l ’i. -mn ,a Ic c - n --  i t . .  a 
~5 

t sm n r ° , am ,t

t- -:nin’ c -;’:c ’ cm ” l.h \ 10 ’ ~K , is :i n n t n l’ c .x Li ,cC ’c c-i; 27 .5 n ’ .etc ’l’ c , as d:, w m .

at t ine I r e l ’ ~-‘ig un-’c - L- . As , ‘a ’n c c  seen , th i s nn ii ’ .inn,um ncavc.l..-c,g ti

i n  - ‘xc l lcnt  age’- ‘cc n - e n :t  w i t h  t i n e  d.c son -- ed - nPn n’ ‘ c c  f;’ mi’eqce ~~n cy  ~a’ t i S

electric I’ I e L I  ,‘ 1’c’c’ I r n-nc. T im e ier’ -n ed ~’nce ’ , - r ’ time si eLm us wav~-l~’ 
. gti ct

tb - - clan -ma i t e m s I ‘inc , A 
~~ 

n-C I ‘~/T . fcnrt .herm n’r~’ explat cr the

t - ’  i t e m : ’ -  for the upn’er cutoff  fi’e’cnne’n nn - v , f ~V ,, - A . ~~ ~~~~~~~~~~~~~~- - - - max f - i~ mien

i’s- n-ease with  decreasing radial  d i st a n c e  f rom t im e sun (see  Fig-c ’s n - ’l ,

s L n n n - e  the plasma densit ;,- increases closer t c ’ the n - c e .  Us ing  the plasma

densi ty e’caling law, ml ~ ,L/R ’ , appropriate for the solar wined far

from the s in - i , t n , -’ mmpper cutoff frequency sh e-u ld ‘~ai’;,- approximat cic, - mc

~~~~~~~~~~~~~ 

l~ R , which  is seen to he in good agreement wi th  the observed

radial ~‘~ r ia tt c ’- , , -f the nipper sontcf:~ frequency ibonstrated i r i  i-’ ig n nrn ’  -

These csnnc p a r i s n n n , s  ‘dl provide strong ev i d e n c e  that  tue low freque n cy

electron-tat is waves detected in the selax ’ wind l’y IMP e , I tT  ti~ and

Hellos have scn cr t  w a v n d . e t n~~t m c e  and dc-pplsn ’ s h i f t s  c’o mn~ istent  w i t h  the

ident if i ’ a t i c -  - ‘ I ’ t- . - - - ‘ waves “en - j oe —m a - i n s t  In -  w - n , ~, c.
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n L ’ c in - on a n’ n a y L n - t t :: m& r’- - c l - - a n ,- i - i - i d - n i t  : -r i i i - - -~~ - - n .

i i i  F ig  cm’ - , l t n  n .. ‘n - i  . -tt . c e n -  i O n — t n - ,’ , ion ’.~~~O w t , v -  ci detested by  I t - tin ‘ do-

- i c- m~on ;~- i, ’:”  - :: ‘ n ’ n - t n - .  T i e  C V  - t- 1cm F’tgnr ’ in is m r : ,m’- n n i a i  i n  teat

:~~~ , m n a ite m — I  t; : ~ m e - n - \  Iae’ ’~’ . c c  = 3’~ ( c-mY3, win ch  n’ c ’ ,t t e ;  in a

n - n i t  ~~‘ - mn ~‘ n m ’ ,’ - icc  c g t c i  s i c - s  n m e n i t  I cell;: te en S th an  t in e  a itecinia 1 i .~ 
‘ - .  I’ m ’

t - , n i -m e l n - ’ Len - ’ w c d  Plcese cice dc nnsities at 1 \ . U .  , in- 5 (cmY 3, t i n e

mm c c . t~ m - . -n -mat -  I~c mi g 4 le n anpe-  x i : :  :i-t 
~ 

= ( 2  cmi t ern - , wI . c c l .  in-

. l n ’~~d.e’i t i ,  i - in ’s - - i nn na h -~ n - h .  i’c - wai - - I c - n o t ’ :  e f f e c ts  :~nd et - c t n n - I  I ’

n i mg i :  ~n v -  te c gt l n- c co n - c  — r t c : ac i  i n n - - i’t lF o an ’,t e n n i a  ten:g ’c.,

C ,  = ~~~~ C !. to rn - , could Oe ’ e ’ l ” . ~~~ ‘ n i~n :c r c  i: t l n ,t c n n ’ s t  of  tue

n- - mi - y  e - n e ! ’l’ . :o- ’~~t ’ s at - w’~n - t en .- on , : : c- - t a n a I . - Ia:’s ’r t :  a 
- 

=

‘ ‘ C c .  I - - i t  l~. ’ I nt  n - ’ , - m , m i m ~ r - c n ’L’ . ‘-e n- i-c ’ , c n t - -d r~ t’ 1,0~~~~t n  m - ‘ o n

: n n - n - ”, nj, c ’ h L n em ~‘ . . it  shc .~ld m ed ’s bc - n c t n d  t o u t — - e’ a . c  - ,n -t ’ t i e

I ’: - -~ l c  o f n n n - c - }ielI~~n- n: t.- - onus (L t i c ml c - i - n -  1’ -;’ cle .ihn -n- 1 a 1

L = ‘nc - -n’ s ; ‘
~ ~

- L ~ ,~~~~ . - i ’ mn - c - r c  d c c t , - , n-~. . ~n-nn -v~-~ - ‘t m ‘:t’f’ e’ ’ c c

a:- ’ cc ’ n n:c ’’’,c:nd i’, c ’ :’m cn- - ~m ed t.c i s  s i g : n i l ’i- ’a nt  i o n -  th e  lIeilo cm - - - m ’ : n r -  —

n o n . ~~ “~~~‘ - :-m f- n ’ u - - i s m n a l l i  h i - - in nic e in- iec n . 

-- — —--- ~~~~~~~~~~ --~~~ ~~~~—~~ -~~‘-- —- -‘---~~~~~~~~~ ‘~~~~ —-- — -‘



V. SUMMARY AND DISCUSSION
el

Plasma wave measurements on the solar orbiting Helios space-

craft have previously shown that sporadic bursts of electrostatic tur-

bulence are coxr!nonly observed in the solar wind at frequencies between -

the electron and ion plasma frequencies [Gurnett and Anderson , 1977].

In this paper we have expanded the earlier investigation of these

waves using the He lios data and have compared the Hellos rn -cu l t s  w i t h  -
-

similar measurement s fr om the earth-orbiting IMP 6 and 8 spacecraft .

Wavelength measurements with the IMP 6 spacecraft now provide strong

evidence that these waves are short wavelength ion-acoustic waves at

f SI f~ which are doppler-shifted upwards in frequency by the motion of 
-

the solar wind . The upper cut off frequency, and the var iation of tin-is

cut of f frequency with radial distance from the sun , f max C
~ 

l /R , are in -

close agreement with the short wavelength cutoff expected for ion-

acoustic waves .

Comparison with the IMP 6 and 8 dat a reveal that a substant ial -

fraction , 50 to 7O~~, of the ion-acoustic wave turbulence detected i n n

the solar wind near the earth is caused by suprathermal protons stream-

ing into the solar wind from the earth ’ s bow shock . These ~ave s ,

which correspond to the upstream electrostatic waves f irst  reported

Scarf et al. [1970] , are observationally indistinguishable from the

ion-acoustic waves detected by Helios . Although the upstream proton-

_ _ _  ---‘~~~~~~~~‘—‘-- 
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driven waves and the waves detected ny I’lelios are -ott ,  ci-

ion-acoustic waves , some distinctl ,y diff erent source is  r ’e q u i r ’ - : to

explain the Helios observations , since pr otons fnx’om the earth’ s bow

shock cannot possibly account f or the waves detect ed by Helios far

from the earth . Exam ination of the tMP 6 and 8 data revea ls many

examples of ion-acoustic turbulence during period s when no protons

can be detected coming from the earth ’s how shock. These event s

evidently correspond to the waves detected by Helios far fr om the

earth . Usually in these cases there is no evidence of significant

auprat hermal electron or proton fluxes , other than the quiescent solar

wino di: - tnib ntion. in a few events vania ’c .i - n n m m 1 on t h e  ion-acou st ic

wav € in c n n - city were e ’onen -d w h o c h  are closely cc-i -instate d wi ti ,  char~ges

inn t h e  -ont lOOtropy of ’  the  sL -lar wind electron d i s t n i b n  t i - - c c .

n V e t nn  c ti’,cmiir ly suggest te at the ion-ac ey,istj c t o t  ‘n l , - C n e i -  is drivo- c

ny the ‘ e m  iem - -t r op v  xc cr -n - - n- Lated wi th  the electron h-s& t- flax i i i  n - t i n ’ S cltc .c ’

wind , a -n suggert ed by - o n’ s ln - mnm d [1970].

rthe basic mechanism proposed by Forslund 11970 ] is illustrate—i

c ’n’i n einie t ca Lly in Figure 18, which shows the general fcrm of the m ’r c I u c c l

-,)ne-dimensional electron and proton distribution funcUori~ in the

solar wind . The reduced one-dimensional distribut ion functions

are comouted from F(V) ~
‘ d~ f (~~), where f(~ ) is t in t ’ t hree-

dimensional distribution function and d’
~ represents an u t  e-grnet Lot:

over velocities perpendicular to the magnetic field . As Lim im ic a ted ,

a substantial anisotropy is produced in the high ener~~’, - n-

electrons by the electron heat f lux flowing outward away from the 
-

‘

—- ~~~~~~~~~~~~~~~ -~~~~~~ ~~~~~~- --- —
~~~~~~~~~

—
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sun [Feldman et al., 197I~, 1975]. Since the net current in the solar

wind is essentially zero, except at discontinuit ies , the electron

current assoc iated with the antisunward dr if t  of the energetic “halo ”

electrons must be compensated by a sunward drift of the low-energy

“core” electrons . This drift velocity , Vd, is indicated in Figure 18.

fx ’ the c ouble peak in the combined veloc ity dis tr ibut ion function ,

F (V) = F - ( v )  (m ‘ne~~) F’~’(V) ,  produced by this drif t  is suf f ic ien t ly

large then the ion-acoustic mod e is unstable . The condition for

instabi Lity in- given by the Penrose criterion

I F ( V ) -F ( V  )
° dV > 0 , (2 )

(v-v0 ) 2
-~~~~~

where V0 is the velocity of the minimum in F(V) 1i~ nrose, 1960].

For equal electron and ion temperatures , T T
+
, the threshold drift

velocity is very large, approximately Vt = ~/kT -‘m , which is too

large to be exceeded in the solar wind . However , if T >> T4’, which

is sometimes satisfied in the solar wind, then the threshold drift

velocity for instability is greatly reduced , to appr oximately

I Krail and Tn v~ i p1 ’S , l073]. -~ r xc en - -lar win d 1 -  - t -mporatenre i~ii

T+ ,a 4.0 x 10 ° K, the threshold I r t t ’ t vole ’s it, : ts , 1’- -r exampl~- , - ni ;,-

= 1,t~ 1cm (sec ’l~~ (as cn usL mn ~ f >> ‘~ ).  For -L ’ ct  n-’ c~ t - ’inpe-rat in -” cm - ‘ c m i :

moderat -’ L - ~- lxiii ’ r than t I n ’ -  I on:  h c n i p - n ’ n - e ~ i re t in ’  hh r ’  c i ,  m l  c n ’ i l ’t V n L- ’e’ i t~

~ 

- - - - ---~~~ -~~.-- —~~—- .--— — - - - ~~~~~—‘- - -- ‘ , -- ~~~~~~~~~ -- --~~~-----
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is large r ‘tln-an equation ( 3 ) ,  by a factor which depends on T~~ Tt 
~o ’-e

Krall n - r i i~rivelp iece , 1913] . Based on h i s  ana lysis , For s lund [ t~ r o]

cond o —me that the ion-aeon -mn -t ic  mode should be driven unstable v tine

elecn- r’or heat flux whenever the electron to ion temperature ratio is

sul icu’tiIv large .

— ithough the observations of an association between the aniso-

tropy in the electron distr ibution function and the occurrence of i - - ri-

acoust ic  waves provide strong evidence fo r  the mechanism proposed by

Fnr s L-jrn- i 11970], the detailed argument s in  support of this mechanism 

- i - : v ,D iv - - it , s H - n e  ai.l ot-h- :r l ,, i~’ - ‘I’ I - i-is p -a ~d j i : - t r i b m  t on

f-i n n - t n  3 5  which c-o~~,u t’e - O O  ibly - -n-nie x’ac,- I c n — ~~o s-n c n 1, iL ,~a’,”n-s rme n :’t be

eliminated from co- ,siderat ion.  i~har 1z - - c pa l -n i d e  mnea rnurc - muu e n t s  such as

in Plates 2 and 3 clearly show that ion-acoustic waves occur during

times when no secondary peak is detectable in either the electron or

proton distribution functions, within the energy range, 50 eV ‘SI E

145 keV, and resolution of the LEPEDEA. Although electron energies

less than 100 eV were not investigated, it is almost completely certain ,

based on the results of Feldman et al. [1975], that double peaks 10

not occur in the electron distribution function at energies less than

100 eV. It is possible that closely spaced double peaks could occur

in the Lon distribution , such as tins double proton stru’nn- , on reported

in Feldma n et al. 1197~~a ],  xi rn ’ t still b~’ unresolved in the - h I’h lni_ .

‘ t i ’ . ‘c:’e:- ’.I ri sur ,n- w I t m  m n ml I .n - 1 e:<ai ,
~~ 

1 i ’ cm - - in : ‘  -t-  ‘ n s n - n ’

1 - - ’  sImm on n-- ’ - - . , _ ) - ~n m J - ,~~ t, c ’  L -m’ s e n - i ’ m ’ - - ~ e~-: n’ - u ihm . l i t

r u -n- ’ 01’ 1 - . m — - . - - - e:~~ c u’~ c - - ’: , c - ’w- -n- n , ‘ t u e  ci-  c l  I ‘ - c c  ,I I ’

‘ cc ’ ’ r i ’ - ”  I d  mn- 1ev ’ , i, ’m~’ ‘ wI - ‘,c ln - m ’ - t  - c - I _ n -  c’ t’ ~ r ten - m r  , - a’-
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c i t ’ c i m mn - tc 1n :e ’ ccc ,~-~n nt ’ r m n t i - - I u — a c  iucn t,I~ way - m n . ~
‘
- :  - -~ fle - .I tn . r t n - 5150—

hr - -n r “ “I t r i l - ,L i,e ’ , f eet: - i t s  a , lI” :c - - cc L ‘cv- - f e -  I n c  I_ —

peake d form required to produce an instabilit ,,’ , essential ly  t ine only

poss ibil I ty left is the doub le peak produced by a vet oen i ty  sf’u i - ” t l~e_

tween the peaks in the electron and ion dis t r ibut ions , as i llustrated

in Fi gure 18. The presence of such a velocity shift in the solar wind

has now ‘-een amply demonstrated by Feld man et ml .  [19714, 1975]. It

only remnu nj n s  to be demonstrated that thi s shift  is su f f i c i en tly large

to exceed the threshold for generat ing ion-acoustic waves. The magni-

tude of the velocity shift, which is difficult to measur e d i rec tly ,

can be estimated from the anisotropy in the halo electron dis tr ibut ion .

For the event in Figure 114 at l7;-’O UT , the flux of electrons along the

magnetic field (first moment) is estimated to be ~~~~ ~ l0~ electrons

( c nm ~ -sec~~~
1. I r n n i n n g  the measured local plasma de - n x n L t y  of a = l~~.l

(cm~~
3, this flux must be compensated by a sunward drift of the core

electrons at a velocity of about 150 km (sec~~
1. The ratio of this

drift velocity to the electron thermal speed (using f = 1.5 x 1O5 K )

is about 0.1. Whether this drift velocity exceeds the threshold drift

velocity for the ion-acoustic wave instability is crit ically dependent

on the electron to ion temperatur e ratio. For the  period of interest

— the ion temperature measured by the Los Alamos plasma prose on IMP 8

is T4’ = 7.1 x 1O14 °K. Using a typical temperature of f = 1.5 x l0~ °K

for the core electrons the temperature ratio is T ’ T ~ = 2.114. For

this re3’itivel,y low electron to ion temperature n - -at io  the t o c n - n ’ : - ” -m s t i c

mode shc’uld he stable according to the curves u ’ive lu  by u ’ t c ’ i  n -sr [1  ~~‘ i 4 ’~~

On the other hand , if a t : p i c -’al h a l o  t emperatur e of T ‘ ‘
. - ) 

~~ i0~ 
-
~~~

_ _  _ _  _ _ _  — --- - -~~- - - - —- --
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is t in - -ni , m~h ich g i v e s  T / T 4’ = l U , t!~~ t is ’ n mc ~c’ld do li t velocity givem . in:,’

‘ q  : c t t L n -  (3~ , Vt = 23 km ( ss -n -~~~
1, val id  wL a 1 >~ 1~~, ic - exceeded b~

a s - - n - t n , j -m t i a l  fac tor .  Since no csn :1~n , c ’ -! - - nih ’ , , ’,’ loa m’ I’ t n ,  t h r ~ n - t m  id

d r i f t  V toe i r y  are availa:-1n-n Ice’ a r ea l ht i c  - - n n i - i i n a t I- ‘ m ct  e , - r -n -  a - s

hale elc -n-tron distr it - u tt er s , t ine ctmiH t ILt - I’ t l  - - i o m c — -’t nnons tic modn ’

c a n m m u -  - t ,  h -n - acc-nratmch det em -e rit: :d. ~ n- v~ - r ’ , m’ i r s - c  LI .- .‘ - rr ’e t t In - m e t  ly e

elec t oo -n  to ion t’o::nera’ n cr ’ en - ’: I - - m n n ’ c a: I, : m ’ - i n c W c n n - m ’ - i n :  e

t, . - n-~ ’ . ~xti ’- :- n - m n - s gi -r e ne I cy t c - - r n -  a n d  in’ilQ t t ,pn - - r a t  - - t m ’, 1’ S- - SIc

i l k - - i ’. t eat the j n n~~a’ - - ,n t i  - ‘ xis - i- - is n-on ~: 1 c t I i  ac e. F~- c ’ n -  on

det ai led  ci n a ],,-s en - or ’ t - Ies  e - x a  - t i n  St -nc, I n- , so- ci, t I c e : :  ‘I I ”  - - - ‘ c usO I ’ - . r

r ’-’aJ 1 :- t i c  s n - d n  is - ‘I’ the s -lan’ w ’, ’ iel el ~- t ’ - ’ m n  d i s ’ o i b u b i  -ri t-~’ - ‘ L e a r L , ,

n ’ in W- Y’ 1 1  ~~~ q u m n - - 

For ‘ne ion-acoustic waves generated by pr otons streannin( int o

the solar wind from the bow shock there is no question about which

particles are responsible for the instability. However , considerable

uncertainty still remains concerning the detailed mechanisim , by which

the proton stream produces the instability . In considering tb -c-

origin of the instability two listinct in-- different mechanisms can Inc

identified: (1) the instabi lity may he caused d irect ly by the

d ouble peak in the proton distribution (see Figure i i ).  or (2 ’) the

i”stability i~~y be caused indirectly by the shift in the velocity of

the core electrons required to maintain zero net current , similar to

the heat f lux mechanism . Of these two possibilities, the second

mechanism is believed to be dominant . For the first mechanism rough

~~~~~~~~~~~~ -~~~~~~~~~
-
~~~--~~~~~~~~~~~~~~ -- --. — —~~~~ - -~~ -- -—.--‘
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estimate sh ow that t ine peak 1mm t b ’  pr -t tm e l i - n - n ’  It i n , i cr’, :‘ c:st i cm .  bus

to the upstreaining pr- :tons is s imp ly ~ n-’ smal l h i  in - i - ,n stable acco rd-

ing to the Penrose criterion. 1-Icte that the c e n t r i C  ‘,t io rn of the

proton stream to ~(v) is greatly reduced by tm ’  - factor (m7 m~ ) in the

combined one-dimensional distribution functtc m n , in addition to the

fact that the distrib ctiun function for tints stream is nearly six orders

of magnitude below the peak due to the solar wind beam (see Figure 11).

On the other hand , the oroton flux assoc iated with the upstreaming

protons can be quite substantial, 5 x 10 protorns (cm2-cec)~~~. The

upstreamtng protons must therefore cause a shift in the velocit y of

the c-n- re electro : I ~~ with respect to the solar wind protons in orde r to

m a i n t a i n  zero net  cu r r en t .  II’ th is sin-i tt  is large e : m -eg li n - mo prsa~ -e

inn -s tabi l i ty  this mechanism w eld explain why t in-c ’ ‘ c- ao: - t n - - ’ w ay -

dr iven I - y the up xmtream ir :g protons are s~ s imilar ton- t m - - I ’  r ’-n - rp l anme  n - a t ’ ,

ion- ace- - n - t i c  waves , since the mecha m ’mismmcon are escee:t iailv id -m nti - ’al.

Note tha t halo electrons streaming away I ’rom t i e  s:,:i ami d t i m c  s memw an ’d

sti’ a n n - i n c n - n r s t o n - r : n -  both c o c , t e ’ ib u t e  in n the n~~~c s sr s e  tc tI n-n c u-n’ mc~

in -n i a 1,-~n n n e. Detailed comparisons, :t, weevent ’ , e t n n~~~h-:-n-’r tha t  ‘ 1:.—

tens i n - i ’  n - i ’ the upstreamn ing p r ot -  - an n are t n ~ n- smal L , n y  I’a c l , u ’ cm f 10

t,o in--in, in - . or od ne e velocit~ sh i f t s  n ’xceeei ’m n m~ the  t n - n - en - in ,  ~id f - n -  t I c S  1- ’:~-

acoustic w m c v -e  1’ s tal-ilit ::  using a s irn -p i -  - ‘-la~ w L I _ i a ’  - ‘ I L  mt , r i n - - c t  1, - c in

the core electron s.  The detailed expLa i n -  i~ e m of is d i s n - i - e- e n a c - i s

n~~t k n own , hnw e~ t-r one possibIlity I: t :e I i n s - - I_ n - f  t’ ‘ m  b eat f lux

maintains the plasma near marginal m tal -ilit y I’-cr i - m n - a c e e , e - - wav ’ -:n ,

so that -r u t - ;  a small s ,rr’-mn - l imbalance u n  v-nm -el ect t-. tr i gger t i n -  -

-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  - _ _
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Instability . diso , Feldman et al .  [1973b 1 have simowl: that protons

streaming into the solar wind fr om the earth’s bow shock pr oduce ~~u m n -

stantial pert urbations in the ambient solar wind electron distribution.

These perturbations and their effect on the instabili t ,’ condition

given by the }~ nrose criterion must be studied in greater detail before

the generation mechanism of the upstream ion-acoustic waves can be

complet ely resc1n-’ s~i.

Muneroue investigator s have suggested possible roles which

ion-~ ooust ic turbulence may play in determining the large scale

properties of the solar wind. It has been suggested that ion-acoustic

waves can heat the solar wind ions [Fredricks , l’~ - ) ] ,  regulate the

electron heat flux in the solar wind [Forslund . 1Q70; Schulz and Eviatar ,

1972 ; Gary et al. , 1976], and thermally couple time electron and ion

distributions [Perkins , 1973 ]. The extent to which the ion-acoustic

waves detected by Hellos and IMP 6 and 8 play any significant role

in these processes remains to be determined. At 1 A M .  the maximum

intensities of the ion-acoustic turi-t ulence are relatively small , wi th

ener~~’ density ratios of o il-; ~ 
2 / ~~~ in- . i m e -  t-m mm ’ m ~ ‘ci-

is , however , present a large fraction of the time m end increases

rapid ly in intensity with decreasing rad ial -distance from the sun .

ctors ~m i i  suggest that the ‘r ’s - ’ncc- of tb -se waves must cc-

~-i ven sa-r iou ~ considerat~ on in the overal l understand i ng of ’ the solar

w - - u i  , n e - n 1- . - - I ‘ n ’ - i ’ m ’ i ‘ n n -c ’ - , n ’ ‘ - In , I . * I i ’  I - w i n - ~

on -a t  - I - - .

_ _ _ _ _ _ _ _ _ _ _
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FIGURE CAPTIONS

Figure 1 A typical example of the ion-acoustic waves detected by

the Hellos 2 spacecraft at about 0. 145 A.U.  The solid

lines and the vertical bars (solid black ar eas ) indicate

the peak and average electric field strengths . The in-

tense noise at low frequencies, u 311 Hz , is caused by

interference from the spacecraft solar array .

Figur e 2 A typ ical spectrum of the ion-acoustic turbulence at a

selected interval from Figure 1. Note the dis t inct  peak

in the spectrum 1 ’1’o mmm u c - -:- i m t  -~in — 
~

i n ) r ’
~ , ac -i t - -~ ian ” ,’-o r ’nt  lo

of the p~~k to the average electric field strengt h indi-

cative of very impulsive temporal variations.

Figure 3 Vr - u- , , ni V ’ ’- ‘, ~m m. : resolet  I_ o n  n na- a c c ,n ’ . ’ c: , . -  m inc I c ’ en’, I- Ic- - c ’ -

rm~. -wj nn’ . tLe in - nm ’ t n - I _ v -  bur t ’t—lik ’- t- ’nnnn t e L  m- ’ , r uc ’t J” L l  ~~i 1c ’

ion-acoustic turbulence.

Figur e 14 The angular distribution of the electric field intensit y

of the ion-acoustic turbulence , showing that the electric

field of this noise is oriented appr oximately parallel

to the solar wind magnetic field . 
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Figur e 5 A compressed time scale plot showing the electric field

intensities for one solar rotation. Each peak and average

point represents a 36-minute interval. These data show

that a low level of ion-acoustic wave turbulence, at

amplitudes of 10 to 100 ~,iV m~~, is present in the solar

wind a substantial fraction of the time.

Figure 6 A statistical survey of the 36—minute peak field strength

mea~~L’ements of the type shown in Figure 5 for a total

of two complete orbits around the sun. These data show

that both the frequency and amplitude of the ion-acoustic

wave tur bulence increases systematically with decreas ing

radial distance from the sun , with f max
cc 1/B .

Figure 7 A more detailed analysis of the broad-band electric

field intensity as a function of the radial distance

from the sun. The radial distance is plotted on a log-

arithmic scale, so that a power law dependence will be a

straight line . The electric field amplitude varies approxi-

mate l,y as 1/B.

Figure 8 An example of ion-acoustic waves detected upstream of

the earth’s magnetosphere in association with an intense

burst of 1 to 10 keV protons streaming into the solar wind

from the bow shock (see Plate 1).
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t~ tn~- I nt ox ’l ;am -:ta !’j  ~ c — n - c - j  n-- c~ c way- c ton ’:  -1 -n - c e  1 tL-

t - - ~ -n- - .L’ ee ;~ -c~ my lieu t an ’ l’r-: n-c tHe  ~ar~ h .

I

Fiwur e 10 An intense burst of ion-acoustic waves detected during a

period when a substantial anisotrapy is evident in the

low-energy electron distribution (see Plate 3).

Figure II The distr ibution function for the intense burst of protons

observed streaming into the solar wind from the earth’ s

bow shock from 0930 to 1030 UT in Plate 1. The +V velo-

city axis is directed toward the sun. The dashed line

gives the solar wind proton dintrib ition ±‘~,:cc ti n ,

determined from the Los Alamos plasma ana lyzer on IMP 8.

Figure 12 The angular distribution of the electric field intensit ,c

f or an ion-acoustic wave event produced by upstreaming

magnetosheath protons . These data show that the electric

field of the proton-driven ion-acoustic waves is parallel

to the solar wind magnetic field , essent-iall :-~ i- ie nt i - -cc ’i,

t o  the ion-acoustic waves detected by Helios far from

the earth (compare with Figur e l i ) .
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associated with t e e  h e i s t  n-f ion-acoc~~t ic  w n-nvc -m - c - u cwn in

‘ u
’
iC c l’ e 10, selected I’c-r t i m - n - n -  when the magnetic f Ii i s

aligned parallel to thc- viewing direetio:. n-f the ink l I lb i ld .

At ‘1,252 UT the an -isotropy is very small and no icr’,-

aco:tstic wave ’,-: are present. At 1720 UT the ar l ie n -tr opy

is tat ’, c , c m  r t ic ’uu1 ar l~ at the lew -r velocit ict ’, ’, am , d the
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Figure 16 A comparison of the electric field amplitudes for the

burst of ion-acoustic waves in Figure 15 using antennas

of two different  lengths . The deviation of the

ratio below one indicates that the wavelength of the waves

are shorter than the longest antenna, L~ = 92.5 meters ,

• at frequencies abov e about 3 kHz . The scale at the top

of the illustration indicates the wavelength which wo t i. :

occur if the observed frequencies are entirely due to

doppler shifts. Note the close correspondence of th e

upper frequency cutoff to the minimum wavelength 2’ It
~

- 

- 
caused by landau damping .

Figure 17 A comparison of the E / E X ratio for a broadband plasmrcn-c-

spheric hiss emission observed a few hours after the event

in Figure 16. Plasmaspheric hiss has wavelengths much

longer than the antenna length . The close correspondence

of the E
Y/EX ratio to one confirms the overall accuracy

of this technique f~~’ detecting short wavelength effects .

Figure 18 An illustration showing the velocity shift , Vd ,  between

the low-energy electrons and the solar wind protons ,

required to maintain zero net current when a substantial
- electron heat flux is present . If the ve locity shif t  is

sufficiently large the resulting double peak in the conh ine d

electron and proton distr ’i iut ion funct i on . F(V ’i . can cause

t~~c~~ ion—a coust Ic  mode t .o - c . eDu ce unstable .

- -  - -  _ — —~~ —- -~~~~~~ rn— .-- . . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-‘ 
--~~

‘ 
~~~

‘o~~c-: u,.~~a~a~’tu n-” e L

143

Plate 1 The LEPEDEA data corresponding to the electric field

measurements in Figure 8, showing the occurrence of an

intense burst of protons streaming towards the sun in

direct correspondence with the burst of ion-acoustic

waves from about 0920 to 1115 UT. These protons p r -p a -

gate rom the earth’s bow shock.

Plat e 2 The LEPEDEA data correspond ing to the electric field

measurement s in Figure 9, showing a series of ion-acoustic

wave bursts for which no significant enhancement in

either the electron or prot on intensities can be ident i-

fied in association with the ion-acoustic wave activit - .

Plate 3 The LEPEDEA data corresponding to the electric field

measurement s in Figure 10, m’h. -wim~ c c i  v - - e t  i t  w h : I - . - i  thc-

ion-acoustic turbulence (from abo ut 15140 to 1930 UT) is

closely correlated with the occurrence of a great ly

enhanced anisotropy in the low-energy solar wind electron

distribution. This ariisotropy is clear ly evident in

the electron sector spectrogram from about 15140 to

1900 UP .

Note: Plates 1, 2 and 3 will be published in color.
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